Introduction {#Sec1}
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ATLAS and CMS have recently reported a modest excess in the search for Higgs-like resonances in the diphoton channel at an invariant mass around 750 GeV with a local significance of 3.6$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ of collected data, has found an excess of 14 events in the signal region, whereas CMS had a somewhat lower integrated luminosity of 2.6 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$. Should the significance of this excess increase with more accumulated data, it would indicate the existence of New Physics beyond the Standard Model (SM). A simple explanation of the excess consists in the resonant production of a (pseudo)scalar with an invariant mass of 750 GeV and a relatively large branching ratio into the diphoton channel \[[@CR3], [@CR4]\] (see for instance Ref. \[[@CR5]\] for a review). A production cross section times diphoton branching ratio between 5 and 10 fb fits the *observed* excess. However, the diphoton *signal* might be in slight tension with LHC Run-I data \[[@CR6]\] since no significant excess was reported in the 8 TeV searches by both collaborations \[[@CR7]--[@CR10]\].

Here, in order to ameliorate the tension between 8 and 13 TeV data, we consider a scenario with a heavy messenger resulting in a more involved event topology \[[@CR11]--[@CR13]\]. In this framework, we assume a heavy pseudoscalar parent resonance $\documentclass[12pt]{minimal}
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The results of ATLAS favour a large width of the resonance, of about 45 GeV, with a local significance increasing up to 3.9$\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ under this assumption. Instead, CMS slightly prefers scenarios with a narrow width. Should future results point to a large width, a large branching ratio into invisible particles would allow one to accommodate this observation without invoking strongly interacting New Physics scenarios \[[@CR14]\].

It is natural to identify the invisible particle $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi $$\end{document}$ with the dark matter (DM) (see for instance Refs. \[[@CR15]--[@CR29]\] for a non-exhaustive list of works on this topic). Among the plethora of DM candidates present in the literature, a weakly interacting massive particle (WIMP) produced via thermal freeze-out is one of the most appealing (see e.g. \[[@CR30]\]). The 750 GeV resonance would then be identified as a portal to the WIMP DM sector similar to the well studied Higgs portal models \[[@CR31]\].

In this work, we want to study the implications of the diphoton excess in a heavy parent resonance scenario on the DM phenomenology, assuming that the lighter 750 GeV resonance $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi $$\end{document}$. Although the interaction of (pseudo)scalars with the SM gauge bosons would typically require new heavy states, here we consider a model independent approach, where we do not specify precisely the heavy particle sector. Instead, we describe the interactions of both the two pseudoscalars and the DM via effective operators. We define a cut-off scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\Lambda _{\phi _i}$$\end{document}$. We consider specific patterns for the effective couplings of this "toy model" motivated by some realistic models. At this scope, we study two generic scenarios: one where the coupling of the lightest pseudoscalar $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi _1$$\end{document}$ can couple to gluons as well as to the electroweak (EW) gauge bosons. While we fit both scenarios to the diphoton excess, we also carefully check other LHC constraints including monojet and dijet searches and jets plus $\documentclass[12pt]{minimal}
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                \begin{document}$$E_T^{\mathrm {miss}}$$\end{document}$ searches. Moreover, we investigate the DM phenomenology, taking into account cosmological and astroparticle constraints arising from the relic density abundance measured by the PLANCK satellite \[[@CR32]\] as well as from indirect detection (ID) searches with the Fermi-LAT satellite \[[@CR33], [@CR34]\].

The paper is organised as follows. In the next section, we present a simple model independent framework for the heavy parent resonance model. We fit the model parameters to the diphoton excess scrutinising the compatibility with LHC constraints in Sect. [3](#Sec3){ref-type="sec"}. We then address the DM phenomenology in Sect. [5](#Sec16){ref-type="sec"}, considering the constraints from cosmology and astroparticle physics. Finally, we conclude with a brief summary in the last section.

Effective Lagrangian for the diphoton excess and the dark matter {#Sec2}
================================================================

We consider a simple extension of the SM with the addition of two SM gauge singlet pseudoscalars $\documentclass[12pt]{minimal}
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However, the goal of this work is not to discuss a specific model with UV completion, hence we do not give a thorough definition of the full particle spectrum beyond the SM. Nevertheless, the choice of the coefficients cannot be completely arbitrary either, hence we will later consider two different scenarios which can be motivated by some underlying UV physics.

We want to conclude this section with a discussion of our final ingredient: the DM sector. There exist a large number of DM scenarios and in this work, we consider a hidden Majorana particle $\documentclass[12pt]{minimal}
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The diphoton signal and LHC constraints {#Sec3}
=======================================

Heavy parent resonance {#Sec4}
----------------------

In this section, we discuss how to accommodate a diphoton signature from a 750 GeV resonance in our hierarchical framework. Our goal is to explain the excess as a result of the decay of a heavy parent resonance. In this setup, we consider the production of a pseudoscalar resonance which decays into a pair of 750 GeV resonances $\documentclass[12pt]{minimal}
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The numerical evaluation of Eq. ([3.7](#Equ7){ref-type=""}) is straightforward. We show in Fig. [2](#Fig2){ref-type="fig"} the ratio of the $\documentclass[12pt]{minimal}
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Consistency of the parent resonance framework with LHC constraints {#Sec5}
------------------------------------------------------------------
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Two scenarios for the diphoton excess {#Sec6}
=====================================
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Numerical tools {#Sec7}
---------------

The full Lagrangian of Eqs. ([2.1](#Equ1){ref-type=""})--([2.5](#Equ5){ref-type=""}) was implemented using FeynRules 2.3.13 \[[@CR47]\] and an UFO output \[[@CR48]\] was created for the numerical studies. We generated parton level signal events with Madgraph 2.3.3 \[[@CR49]\] interfaced with Pythia 6.4 \[[@CR50]\] for the parton shower, underlying event structure and hadronisation. We have implemented the 8 and 13 TeV diphoton searches from ATLAS and CMS \[[@CR1], [@CR2], [@CR7]--[@CR10]\] into the CheckMATE 1.2.2 framework \[[@CR51]\] with its AnalysisManager \[[@CR52]\]. CheckMATE 1.2.2 is based on the fast detector simulation Delphes 3.10 \[[@CR53]\] with heavily modified detector tunes and it determines the number of expected signal events passing the selection cuts of the particular analysis. The selection cuts for both ATLAS and CMS 13 TeV diphoton analyses are shown in Table [2](#Tab2){ref-type="table"}. The resulting signal efficiency varies between 20 and 60$\documentclass[12pt]{minimal}
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Scenario 1 {#Sec8}
----------

### Benchmark parameters {#Sec9}
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### Constraints {#Sec10}

Since the light pseudoscalar does not couple to gluons, its production cross section is very small and does not affect the phenomenology at the LHC. In particular, we do not have to worry about diphoton constraints due to the gluon-initiated production. The smallness of the BR($\documentclass[12pt]{minimal}
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### Results {#Sec11}

In Fig. [4](#Fig4){ref-type="fig"} we show the cross section contours for $\documentclass[12pt]{minimal}
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In Fig. [5](#Fig5){ref-type="fig"} we show the missing transverse energy distribution for different heavy scalar masses, $\documentclass[12pt]{minimal}
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Scenario 2 {#Sec12}
----------

### Benchmark parameters {#Sec13}

In this scenario, we assume that all the effective couplings $\documentclass[12pt]{minimal}
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### Constraints {#Sec14}

In this scenario where both scalars couple to gluons, the constraints from dijet searches \[[@CR38]--[@CR41]\] and diphoton searches have to be taken into account for both invariant masses of 750 and 1600 GeV. However, the dominant branching ratio for both $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\gamma \gamma } = 1600$$\end{document}$ GeV. Since the diphotons have the largest branching ratio from the EW gauge bosons, one clearly sees that the constraints from other diboson production processes are easily fulfilled \[[@CR56]--[@CR58]\]. Nevertheless one could eventually expect to observe e.g. *ZZ* resonant production in the 4-lepton channel.

### Results {#Sec15}
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Figure [7](#Fig7){ref-type="fig"} shows the missing transverse energy distribution and transverse momentum distribution of the photon pair. We compare the expectation for the SM background simulated with MadGraph and normalised to the observed number of events. Both new physics contributions from $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\phi _2}=1600$$\end{document}$ GeV in Scenario 2. The *black histogram* is for the SM background, the *red* for the full decay chain, Eq. ([3.6](#Equ6){ref-type=""}), and the *blue* for the direct production of the light scalar, Eq. ([3.7](#Equ7){ref-type=""})

Dark matter phenomenology {#Sec16}
=========================

In this section we discuss the possibility that the lightest pseudoscalar mediates the interactions of a DM candidate---a Majorana fermion---with the SM. While several aspects of the phenomenology of DM with a possible 750 GeV (pseudo)scalar mediator have already been studied in the literature \[[@CR15]--[@CR29]\], we investigate the DM in a novel setup and taking into account LHC constraints.

Within this framework, the DM particles $\documentclass[12pt]{minimal}
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                \begin{document}$$\psi $$\end{document}$ using the code micrOMEGAs 4.1 \[[@CR59]\], for which we have implemented our model in the CalcHEP format \[[@CR60]\].

To address the phenomenology of DM in the parameter space allowed by our model, we have performed a random scan with 10000 points over the parameters $\documentclass[12pt]{minimal}
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Relic density {#Sec17}
-------------

We compute the relic abundance of the DM as a function of its mass $\documentclass[12pt]{minimal}
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                \begin{document}$$\Omega _{\psi } h^2 =(0.1198 \pm 0.0026)$$\end{document}$ \[[@CR61]\]. We consider a benchmark point consistent with the PLANCK bound, if the computed relic density does not exceed the measured abundance. As a consequence, we regard under-abundant DM as cosmologically safe although additional DM candidates have to be introduced in the context of the standard cosmology.

Indirect detection {#Sec18}
------------------

The observation of the final products of DM annihilation is a promising method to search for DM. In the scenarios considered here, $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \sigma v \rangle _\mathrm{tot} = \langle \sigma v \rangle _{\gamma \gamma } +\langle \sigma v \rangle _{WW}+\langle \sigma v \rangle _{Z \gamma }+\langle \sigma v \rangle _{ZZ}$$\end{document}$ in Scenario 1 and $\documentclass[12pt]{minimal}
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Among all possible SM particles which can be produced by DM annihilation, photons are among the most powerful messengers for the ID of DM, since they proceed almost unperturbed when propagating through the Universe. $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\psi $$\end{document}$. Since no DM signal has been found so far by ID experiments, we apply the latest bounds from the Fermi-LAT collaboration on the DM annihilation cross sections \[[@CR33], [@CR34]\].

In order to compare with the experimental bounds from ID, we rescale the DM annihilation cross section taking into account the ratio of the value of the relic density computed in our scenarios and the observed one. We impose the limits on the continuous spectrum from the latest observation of dwarf spheroidal galaxies (dSphs) of the Milky Way made by Fermi-LAT \[[@CR33]\]. For Scenario 1, we compare the experimental bounds from he $\documentclass[12pt]{minimal}
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We further consider the limits on the annihilation cross section from Galactic $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\psi , g_\psi $$\end{document}$) for Scenario 1 (see Table [1](#Tab1){ref-type="table"}). *Grey points* correspond to over-abundant DM and they are excluded by the relic density measurement made by the PLANCK satellite \[[@CR32]\]. The solutions lying on the *red curve* have the correct relic density. *Blue points* correspond to under-abundant DM and are allowed by ID. *Yellow* (*yellow* + *orange*) points are excluded by $\documentclass[12pt]{minimal}
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Direct detection {#Sec19}
----------------

The limits from direct searches for DM are not relevant in the case of a pseudoscalar mediator. The DM-nucleons scattering cross section is indeed strongly suppressed by the square of the nuclear recoil energy, which is small because of the non-relativistic nature of the interaction (see for instance the discussion in \[[@CR62]\]). Therefore we do not discuss bounds from direct detection experiments.

Numerical results {#Sec20}
-----------------

The results of the numerical scan for Scenario 1 are shown in Fig. [8](#Fig8){ref-type="fig"} in the ($\documentclass[12pt]{minimal}
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Concerning Scenario 2, the results of the numerical scan are shown in the two panels of Fig. [9](#Fig9){ref-type="fig"}. The scan ranges of the input parameters are given in Table [1](#Tab1){ref-type="table"}. In the left panel, we show the parameter space in the ($\documentclass[12pt]{minimal}
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Conclusions {#Sec21}
===========

A modest excess in the diphoton channel at the invariant mass of about 750 GeV has been reported by both ATLAS and CMS collaborations at the LHC. Motivated by this recent observation, we have considered a model with a heavy parent pseudoscalar decaying into a pair of 750 GeV pseudoscalar resonances.

This hierarchical framework improves the agreement between 8 and 13 TeV data on the resonant production of the 750 GeV (pseudo)scalar. Moreover, since no additional SM particles seem to accompany to the diphoton signal, we have addressed the possibility for the lighter resonance to decay dominantly into invisible particles, which can play the rôle of the DM in the Universe. In this setup, the annihilation of DM into SM particles proceeds via an *s*-channel exchange of the lighter pseudoscalar. We have examined the implications of the diphoton signal on the DM phenomenology, taking into account an array of constraints, both from LHC and from astroparticle physics. We have conducted our analysis with an effective theory approach, assuming that the DM is a Majorana fermion and considering two representative scenarios with specific patterns for the effective couplings.

We have fitted the model to the diphoton excess and we have imposed constraints from mono-*X* (*X*=jet or photon), dijet and jets plus $\documentclass[12pt]{minimal}
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We have found that the relic density constraint together with the requirement of perturbativity of the couplings, impose an upper bound on the DM mass $\documentclass[12pt]{minimal}
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Finally, further constraints imposed using the LHC data and the production of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _1$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi _2$$\end{document}$ provide limits on the coupling of the heavy pseudoscalar to gluons. In Scenario 1 they are placed at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_3^{\phi _2} \lesssim 0.2$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda \gtrsim 1000$$\end{document}$ GeV. In Scenario 2 on the other hand, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_3^{\phi _2} \sim 0.5$$\end{document}$--0.6 and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda \gtrsim 2000$$\end{document}$ GeV. We additionally consider differential distributions of missing transverse energy and transverse momentum of the photon pair. These features can be used to identify the models similar to the ones considered here.

Appendix: Decay formulae {#Sec22}
========================

For the forthcoming discussion it is convenient to recast the effective couplings of both pseudoscalar states $\documentclass[12pt]{minimal}
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Given the Lagrangian described in Eq. ([2.3](#Equ3){ref-type=""}) and using Eqs. ([7.1](#Equ13){ref-type=""})--([7.5](#Equ17){ref-type=""}) one can obtain the partial decay widths for the two pseudoscalar particles $\documentclass[12pt]{minimal}
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The discussion for a Dirac DM candidate is straightforward.

We consider dominant gluon fusion production. This applies to Scenario 2, where the coupling of $\documentclass[12pt]{minimal}
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This choice of the effective couplings seems arbitrary, but it resembles the structure of a hierarchical scenario in a simple composite Higgs model discussed in Ref. \[[@CR54]\].

The recent---still unpublished---results presented by the ATLAS collaboration at the 51st Rencontres de Moriond \[[@CR55]\] favour a model with the $\documentclass[12pt]{minimal}
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Note that choosing any other mass would actually lead to even stronger combined exclusion limits from both experiments at the high invariant masses.

In the light of the ATLAS presentation at the 51st Rencontres de Moriond \[[@CR55]\], an increase in the direct production of $\documentclass[12pt]{minimal}
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For this purpose, we notice that the $\documentclass[12pt]{minimal}
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